The drilling of nine cored boreholes, including a deep hole (233 m) to a gabbroic basement, in the vicinity of the Rhynie chert locality has resulted in a major revision of the structure and stratigraphy of the area. The main new structural element recognized is a low angle extensional fault system which defines the western edge of a half graben containing the Early Devonian succession. The fault system was the main conduit for the fluids that fed the hot springs, and a heat source to the southeast of Rhynie is indicated. Rapid and unexpected lateral and vertical variations in lithology, together with new lithological units, have been identified. The latter include a thick unit of intensely altered lapilli tuffs which are unique to the Rhynie basin and to other Devonian basins in NE Scotland. Analysis of these lithologies in conjunction with the new structural model allows the succession at Rhynie to be correlated with the succession in the rest of the basin and a model of basin evolution and hot spring development to be constructed.
The Rhynie chert SSSI (Site of Special Scientific Interest) is of world-wide importance in that it is one of the earliest undoubtedly terrestrial ecosystems with a well preserved biota yet discovered. The cherts occur in a succession of Early Devonian sedimentary and volcanic rocks near Aberdeen, Scotland ( Fig. 1 ) and represent the surface manifestation of one of the earliest known (396 Ma) subaerial hot spring systems (Rice et al. 1995) . Hot spring activity (Trewin 1994 (Trewin , 1996 produced siliceous sinters, now cherts, that contain the exceptionally well-preserved remains of early vascular land plants ( Kidston & Lang 1916-21; Remy & Remy 1980; Hass 1991) , lichens (Taylor et al. 1995 (Taylor et al. , 1997 fungi (Hass et al. 1994) , algae (Edwards & Lyon 1983) , terrestrial arachnids (Dunlop 1994) , an insect (springtail) (Whalley & Jarzembowski 1981) and freshwater crustaceans (Scourfield 1926) .
Surface exposure of the geology in the immediate area of the Rhynie chert subcrop is poor. Between the discovery of the cherts in 1912 (Mackie 1913) , and 1988, most of the research carried out on the plants and animals was dependant on two main sources of material: blocks found as float in the fields and samples collected from trenches at the Rhynie site. These studies neither allow fresh, in situ plant-bearing cherts and the interbedded lithologies to be examined nor have they provided much information on either the stratigraphy or structural setting of the deposit. Thus, further investigation of the site required a comprehensive drilling and trenching programme to recover rock samples from the sub-surface.
An opportunity to obtain such samples arose during a drilling programme carried out by Moray Firth Exploration in 1988 to investigate the gold potential of the site (Rice & Trewin 1988) . At this time, seven shallow cored boreholes (55 mm diameter) were drilled (MRD 1-7, Fig. 2 ) and extensive trenching completed within the general area. The data obtained formed the basis of the first attempts to elucidate the stratigraphy and structure of the Rhynie chert site (Trewin & Rice 1992; Rice et al. 1995) . A further 35 m borehole (19-C) was drilled in 1988 which enabled Powell (1994) and Powell et al. (2000) to study the relationships of the plant-bearing cherts to the associated shales and sandstones. A new fossiliferous chert locality at Windyfield Farm 600 m to the NE of the Rhynie SSSI (Fig. 2) was discovered during this phase of the work (Trewin & Rice 1992; Trewin 1994) . We present here the findings of a drilling and trenching programme at the Rhynie and Windyfield chert localities and surrounding area during the summers of 1997, 1999 and 2000. The broad aims of this latest programme were to solve outstanding problems of the Devonian stratigraphy and structure and to address the critical questions 'Why is Rhynie there?' and 'Are there more to be discovered?' Specific objectives were:
(1) to determine the full thickness and nature of the chert-bearing sequence; (2) to core the full Devonian sequence at the Rhynie site down to basement; (3) to determine the succession in the Windyfield area and its relationship to the Rhynie site.
Objectives 1 and 2 were largely met, but with some unexpected results, and objective 3 was only partially successful due to drilling problems. The nine cored boreholes, four of which encountered chert beds, provide evidence of the stratigraphy, structure, palaeontology and depositional setting of the Rhynie and Windyfield cherts. The purpose of this paper is to report on the successions encountered in the new boreholes, present a revised stratigraphical and structural synthesis of the area and to provide a more detailed picture of the origin of the Rhynie hot spring system in relation to the evolution of the sedimentary basin and to regional events in the Early Devonian.
Materials and methods
Nine vertical and inclined cored boreholes were completed by Irish Drilling Ltd during the summer of 1997. Four boreholes (97/2, 3, 8, 9) were drilled within the boundaries of the Rhynie SSSI and five (97/1, 7, 4, 5, 6 ) in a traverse line near Windyfield Farm (Figs. 2 & 3) . During subsequent logging, samples of core were selected for sectioning and for geochemical, mineralogical and isotopic analysis. The remaining core was retained as a reference sample. Standard thin sections were prepared from every chert-bearing horizon for textural studies. Samples were also collected from fine grained dark horizons for palynological investigations. The geochemical, isotopic, textural and palynological studies will be reported in separate publications. Following poor core recovery at the site of 97/1, three trenches were excavated using a mechanical digger to locate the Windyfield chert. In 1999 and 2000 a number of traverses of pits to bedrock were completed from Windyfield as far as Milton of Noth to investigate (1) the continuation of units (especially the Rhynie and Windyfield cherts) identified during the drilling program, (2) the lateral extent of the hydrothermal system and (3) the structure of the area (Figs. 2 & 4) .
The geology of the area containing the hot spring system
The area sits astride a portion of the major fault zone which forms the western margin to the basin. The geology may be conveniently divided into three components (a) basement, (b) chert-bearing sequence and (c) basin margin fault zone (Fig. 2) .
Basement
The basement is mainly composed of quartz biotite norite and minor serpentinite which belong to the Ordovician Boganclough intrusion (Busrewil et al. 1973) . The intrusion is emplaced in late Proterozoic Dalradian metaturbidites of the Southern Highland Group which crop out in the Rhynie area about 1 km NNE of Milton of Noth. The intrusion is cut by other igneous rocks of uncertain age which could be late Caledonian. These include a basic dyke on Ord Hill and poorly exposed granite and quartz syenite (Fig. 2) . The last two are also intersected in various cores (Fig. 3) suggesting these rocks are more common in the basement than is apparent from surface outcrop. The basement rocks are generally fresh except in the immediate footwall of the basin margin fault zone (below).
Chert-bearing successions
Chert-bearing successions occur on both sides of the Longcroft Fault (Fig. 2) but exact correlation between them is not possible at present. They will be referred to as the Rhynie Block, which contains the Rhynie SSSI, and the Windyfield Block, which contains the Windyfield Chert (Fig. 5) . Both successions are badly exposed and most information has come from drill core, especially hole 97/2 in the Rhynie Block (Fig. 3) . The succession in 97/2 is over 200 m thick and consists mainly of shales and sandstones with minor cherts and has been divided informally into five units (Table 1) . We have not created formal stratigraphic names or defined formations and members since it is neither possible to map lateral continuity, nor to satisfactorily define tops of units on a regional scale.
At the base of the Devonian succession in the Rhynie Block are clean white sandstones (White Sandstones Unit) which have a faulted contact with the basement. These pass upwards into thick muddy sandstones and shales (Shales with Muddy Sandstones) which are succeeded by laminated shales and thin sandstones (Upper and Lower Shales). An important discovery has been the recognition that the Rhynie cherts are hosted by a discrete sedimentary package (Rhynie Cherts Unit) about 35 m thick which separates the Upper from the Lower Shales. It contains over 50 chert beds which are interbedded with shales, carbonaceous sandstones and minor tuffs (Table 1 , Fig. 2 ). Whilst individual chert beds contain different elements of the biota, there are no significant differences between the overall biota of the Rhynie and Windyfield cherts. Some of the units in the chert-bearing successions contain occasional beds of coarse, locally derived, pebbles of basement or younger volcanic rocks (Table 1) .
Pods of fossiliferous chert occur to the north of the Longcroft Fault at Windyfield (Fig. 2) . These cherts are interbedded with similar lithologies (Windyfield Sandstones & Shales, Table 1 ) to the Upper and Lower Shales, and include a hot-spring vent assemblage of cherts with splash textures and hydrothermal clays (Trewin 1994) . The Windyfield rocks occur on the downthrown side of the Longcroft Fault (estimated throw 160 m) and probably are stratigraphically higher than those at Rhynie. About 0.5 km north of Windyfield and close to the basin margin fault zone, laminated shales and sandstones are interbedded with hydrothermally altered (albite, chlorite) andesite lava (Fig. 4) . This extends the known occurrence of hydrothermal alteration along the fault zone to 2 km. 
Basin margin fault zone
The basin margin fault zone in the Rhynie area contains slivers of lithologies that cannot easily be related to the basement or the chert-bearing successions. Some of these (Pre-lava Sandstones and Andesite, Fig. 2 , Table 1 ) show similarities to rocks from the base of the succession exposed on the eastern side of the basin but another, the Longcroft Tuffs, is not seen anywhere else. These rocks typically show strong hydrothermal alteration (e.g. quartz, adularia, chlorite).
The latest drilling in conjunction with earlier geophysical studies (Rice et al. 1995) has shown that the Devonianbasement contact in the Rhynie area is faulted and dips eastwards at 35 (Fig. 6) . This observation replaces a previous interpretation which concluded that the basin margin fault zone was subvertical and the gently dipping sedimentbasement contact was an unconformity (Rice et al. 1995) . Along much of this contact there is a silicified breccia together with gouge and slivers of basement. The basement beneath the contact is intensely deformed, hydrothermally altered and veined. In hole 97/2 the zone of intense deformation is over 20 m in vertical thickness.
The fault zone is offset by a number of faults which progressively downfault the Devonian succession to the north. These faults are subvertical and intersect the basin margin at a high angle and, henceforth, are called cross-faults. The crossfault near Ord Hill contains barren quartz veining whereas there are auriferous quartz-feldspar veins in the vicinity of, and parallel to, the Longcroft Fault.
The main slivers of Devonian rocks found within the fault zone in the Rhynie area are sandstones and andesite in the Rhynie block and the Longcroft Tuffs in the Windyfield block (Figs 2 & 6; Table 1 ). The sandstones are immature and of local derivation and the absence of volcanic detritus led Trewin & Rice (1992) to call them the 'Pre-Lava Sandstones'. The andesite is vesicular and, in places, is intensely altered to quartz and adularia. Both the sandstone and andesite show strong quartz and chert veining and carry disseminated pyrite. The andesite contain some of the highest levels of Au and As recorded in the Rhynie area (Rice et al. 1995) .
The Longcroft Tuffs, a poorly exposed succession at least 140 m thick, are dominated by lapilli tuffs of andesitic composition (Figs 2 & 6c) . Many clasts are vesicular, highly irregular and of local, airfall, origin. The tuffs are associated with subordinate sandstones and siltstones and minor lava. Most samples show evidence of intense pervasive hydrothermal alteration (quartz, adularia) and contain heavy metal anomalies comparable to the andesite described above. No rocks similar to these tuffs have been found in other Devonian basins in NE Scotland.
Discussion

Deep structure of the basin margin fault zone
Three features indicate that the Rhynie basin is a half graben; these are a fault-bounded western margin, an unconformitybounded eastern margin and prevailing sedimentary dips to the west. A ground-magnetic survey has shown that the profile of the northern part of the basin is symmetrical (Fig. 7b) (Rice et al. 1995) . The initial dip of the basin margin fault zone in the Rhynie area is 35 and immediately east of borehole 97/2 the dip of the basement-sediment contact flattens to 15 , which continues to the centre of the basin. We interpret the continuation of this contact as a listric fault plane (Fig. 7a) . There is limited evidence from slickensides for dip-slip movement along this fault. This interpretation is supportive of the proposal by Norton et al. (1987) that low angle extensional faults are the main controlling structures for Devonian basins in northern Scotland.
Structure of the Devonian sediments in the northern part of the Rhynie basin
Previous work (BGS 1993, Sheet 76W) has indicated that the Devonian sediments in the northern part of the basin dip at moderate angles to the west. It is now apparent that some open folding is present which is clearly seen near Rhynie where the succession is folded into a syncline which plunges to the NE at about 30 (Fig. 2) . Dip and strike measurements from recent excavations around Milton of Noth (this study) and from Sheet 76W suggest that this syncline is related to a major synclinal structure affecting the Devonian sediments in the north of the basin (Fig. 4) . Variable dips near the basin margin at Milton of Noth indicate the presence of additional deformation, possibly related to sinistral strike-slip movements for which there is evidence in the offset of the Boganclough mass against the Insch mass (Fig. 1) . Such movements may have contributed to the dismemberment of the hot spring system (below).
These new structural data allow the position of the Rhynie Cherts Unit to be predicted northeast of the Longcroft Fault (Fig. 4) . The projected outcrop passes close to Castlehill where we have discovered a concentration of chert float that remains to be investigated.
Correlation of the rocks in the Rhynie area with those occurring elsewhere in the northern part of the basin
The Devonian succession in the Rhynie basin has been divided into formations by previous workers (e.g. Read 1923; BGS 1993, Sheet 76W) and we attempt here to make correlations between these formations and the units recognized in this study. The immature sandstones (Pre-Lava Sandstones) and andesite of the basin margin fault zone are similar to those found in the Tillybrachty Sandstone Formation at the base of the succession on the eastern side of the outlier (Sheet 76W). Accordingly, they are interpreted as slivers of this Formation preserved on the shoulders of the half graben as it subsided (Figs 7 & 8c) . The textures and composition of the Longcroft Tuffs indicate that they are local erosion and airfall products from a nearby andesite vent which is assumed to be of a comparable age to the previously mentioned andesite lava (Figs 5 & 7) . Sedimentological and structural considerations suggest that the clean, white sandstones (White Sandstones Unit) encountered at depth in hole 97/2 may represent the top of the Quarry Hill Sandstone Formation (Figs 5 & 7) . Petrographic differences in the sandstones are ascribed to feldspar dissolution and carbonate replacement by hydrothermal fluids at the Rhynie site. The laminated shales and thin sandstones which host the Rhynie Cherts Unit bear close resemblance to the Dryden Flags Formation, the youngest sediments in the outlier (Sheet 76W). Finally, the andesite at Milton of Noth (above, Fig. 4 ) is in conformable contact with sediments which are also lithologically similar to the Dryden Flags Formation and indicates a younger phase of andesitic volcanism that may have been essentially contemporaneous with the Rhynie hot-spring system.
Basin evolution and hot spring development
In this section we bring together the various strands of evidence to present a model of basin evolution and hot spring development in the northern half of the Rhynie basin. The general setting was a small half graben containing an alluvial plain and ephemeral lakes with a semi-arid climate and affected by volcanic activity (Fig. 8) (Trewin & Rice 1992) . The early fill of the northern part of the basin was dominated by clastics of local derivation but also included an andesitic lava (Fig. 8a) . The clastics are mainly sandstones and conglomerates but include a substantial thickness of tuffs in the Rhynie area. These were derived from a nearby andesitic volcanic centre that is unique within the Early Devonian basins of the Grampian region. This mainly localized deposition was succeeded by the development of a fluvial system along the axis of the basin (Fig. 8b ). This in turn was followed by a low energy fluvio-lacustrine environment in which muddy sandstones and shales were deposited (Dryden Flags Formation); although it is possible they are, in part, the lateral flood plain equivalent to the Quarry Hill Sandstones (Trewin & Rice 1992) . During this time locally derived material from the basement and andesite cover continued to enter the basin but on a much reduced scale as extension and subsidence came to an end.
The first recorded surface manifestations of hydrothermal activity, the cherts, appear late in the basin history and are hosted by lacustrine and flood plain deposits of the Dryden Flags Formation. The association of the cherts with carbonaceous sandstones and lacustrine shales in the Rhynie Cherts Unit indicates sinter deposition interrupted alluvial floodplain sedimentation of mud and sand. The main structural controls on hydrothermal fluid movement were the basin margin fault zone and certain cross faults. Hot spring activity may have occurred at various times along at least 2 km of the fault zone. The Rhynie Cherts Unit contains a substantial quantity of locally derived tuffaceous material which may reflect an important episode of extension, subsidence and erosion. The ultimate control on chert deposition was probably repeated subsidence along the basin margin fault zone which released pulses of hydrothermal fluid to generate the stacked sinter beds.
The composition of the magma responsible for the hot spring activity (Rice et al. 1995) remains a matter of speculation but, given the contemporary andesitic volcanism and the presence of widespread W, and some Mo, anomalies in the altered rocks, both granitic and andesitic magmas could be involved (below). Since the movement of fluids was controlled mainly by the low angle basin margin fault zone the fluids must have been migrating upwards and northwestwards and the source must have lain below and to the SE of the Rhynie chert locality. The rising hydrothermal fluids caused intense alteration within the hanging wall, especially to lava and tuffs confined beneath the impermeable shale cap.
Continuing post-hydrothermal extension resulted in further subsidence and, possibly as a result of dragging, the formation of open folds in the Dryden Flags Formation. It culminated with the bringing into juxtaposition of the cherts with the remnants of the early basin fill and deeper parts of the hot spring system (Fig. 8c) . Later strike-slip movements may have further dismembered the hot spring system.
Regional setting of the Rhynie hot spring system
By the Early Devonian the Iapetus Ocean had closed and was replaced in northern Britain by an essentially transtensional regime with sinistral shearing, and accompanied by major igneous activity (Pattrick & Polya 1993; Treagus et al. 1999; Stewart et al. 1999) . Batholiths and a large number of minor granitoid intrusions and andesitic lavas were produced showing predominantly calc-alkaline characteristic (Fig. 9) . Sedimentary rocks are now restricted to small faulted intermontane basins but were probably more widespread. Hydrothermal activity was extensively developed in the Grampian region and resulted in W-Mo mineralization associated with the Glen Gairn and Bennachie granitic intrusions (Webb et al. 1992; Coleman et al. 1989) , Mo mineralization in a granite-associated breccia pipe at Souter Head (Porteous 1973), and gold mineralization at Cononish, near Tyndrum (Fig. 9) . The last fills a structure considered to have formed during sinistral movement of the nearby Tyndrum Fault and an Early Devonian age is indicated by K-Ar dating of K-feldspar in the wall rock (Curtis 1990; Treagus et al. 1999) . The mineralization may be related to a buried extension of the Etive granite (Pattrick et al. 1988) . Thus, some aspects of the geochemical signature of the Rhynie system (W-Mo-Au) are similar to contemporaneous granite-related hydrothermal activity in the region.
Probably the most intriguing questions concerning a unique deposit such as Rhynie are 'Why is it there?' and 'Are more remaining to be found?' The essential features required to establish a hot-spring system are open structures and sources of heat and water. These were present in abundance in northern Britain in the Early Devonian (above) and so hotspring activity may have been widespread (Nicholson 1989) . Rhynie, in particular, lay on a major NE-trending fault and local igneous activity may have provided the energy to sustain the hot springs (Fig. 9) . The Early Devonian, however, was also a period of uplift and intense erosion and sediments of this age are now restricted to small areas in the Grampian region. The preservation of the Rhynie succession was due to the lucky coincidence of hot spring activity occurring in a subsiding basin with active sedimentation. Exploration for further Rhynie-type deposits should focus on areas of Early Devonian sediments where there is also evidence of contemporaneous faulting and igneous activity. The feeder systems to such deposits, which are more likely to be preserved, may have potential for precious metal mineralization.
Conclusions
The Rhynie cherts are a fortuitously preserved remnant of Early Devonian geothermal activity in the Grampian region.
Over 50 chert beds occur within a unit comprising sandstones, shales and minor tuffs (Rhynie Cherts Unit) which is about 35 m thick in the Rhynie area. The Windyfield chert is part of a vent assemblage that is broadly equivalent in age to the Rhynie cherts.
The Rhynie Cherts Unit is hosted by at least 100 m of lacustrine shales and thin sandstones (Dryden Flags Formation) which comprise the youngest sediments in the Rhynie basin. These overlie, and may be in part the lateral equivalent of, a thick sequence of cross-bedded fluvial sandstones (Quarry Hill Sandstone Formation). At the base of the succession are locally derived immature clastics of the Tillybrachty Formation which includes, in the Rhynie area, a thick sequence of lapilli tuffs (Longcroft Tuffs) and an andesite lava(s). The tuffs and lava were derived from a nearby andesitic volcanic centre.
The Rhynie basin is a half graben that formed as a result of progressive subsidence along a low angle extensional fault system. This fault system was the main conduit (at the current level of exposure) for upward moving hydrothermal fluids that debouched at the surface as hot springs and from which the cherts were precipitated. The hydrothermal activity may have been related to contemporary andesitic and/or granitic magmatism. The hydrothermal fluids are believed to have come from a source which lay to the southeast of Rhynie. The full extent of this large hydrothermal system remains unknown and there is potential for further discoveries of palaeontological and economic interest.
